Cancer cells may evade immune surveillance as a result of defective antigen processing and presentation. In this study, we demonstrate that CD40 ligation overcomes this defect through the coordinated action of the transcription factors NF-B and interferon regulatory factor 1 (IRF-1). We show that unlike interferon signaling, which triggers the STAT1-mediated transcriptional activation of IRF-1, the ligation of CD40 in carcinomas induces the rapid upregulation of IRF-1 in a STAT1-independent but NF-B-dependent manner. The transcriptional activation of IRF-1 is controlled largely by the recruitment of p65 (RelA) NF-B to the IRF-1 promoter following the engagement of a TAK1/IB kinase ␤/IB␣ signaling pathway downstream of CD40. NF-B and de novo-synthesized IRF-1 converge to regulate the expression of genes involved in antigen processing and transport, as evident from the sequential recruitment of NF-B and IRF-1 to the promoters of the genes encoding transporter for antigen processing 1 (TAP1), TAP2, tapasin, and low-molecular-mass polypeptides LMP2 and LMP10. Moreover, the RNA interference-mediated knockdown of IRF-1 reduced, whereas the inhibition of NF-B abolished, the effects of CD40 on TAP1 and LMP2 upregulation in carcinoma cells. Collectively, these data reveal a novel "feed-forward" mechanism induced by NF-B which ensures that acutely synthesized IRF-1 operates in concert with NF-B to amplify the immunoproteasome and antigenprocessing functions of CD40.
Among the nine known members of the interferon regulatory factor (IRF) family of transcription factors, IRF-1 has attracted significant attention as a master regulator of genes involved in the development of innate and adaptive immunity (reviewed in reference 59). Indeed, studies of mice with a null mutation in the irf-1 alleles (irf-1 Ϫ/Ϫ ) have revealed that IRF-1 plays a crucial role in interferon (IFN)-induced antiviral and antibacterial responses. When challenged with pathogens, irf-1 Ϫ/Ϫ mice display compromised Th1 cell differentiation associated with defects in interleukin-12 p35 subunit (IL-12p35) and inducible nitric oxide synthase (iNOS) gene expression in macrophages and concomitant hyporesponsiveness of CD4 ϩ T lymphocytes and natural killer cells to IL-12 (24, 37) . In line with this observation, the promoters of the IL-12p35 and iNOS genes possess functional IRF-1 binding motifs (42) . IRF-1 also plays an important role in the transcriptional control of the transporter for antigen processing TAP1 and the immunoproteasome component LMP2 in response to IFN-␥ (41, 68) , thereby influencing the presentation of viral and tumor antigens to CD8 ϩ T cells. Moreover, IRF-1 participates in an autoregulatory loop in the context of type I IFN signaling in which IRF-1 is both a target and a transcriptional activator of IFN-␤ (19, 20, 72) .
In addition to its role in regulating the immune response to pathogens, IRF-1 has been proposed to function as a tumor suppressor (reviewed in reference 59) and to influence p53 activity (10) . Thus, the loss of IRF-1 dramatically exacerbates susceptibility to oncogenic lesions in vivo (44) , whereas its overexpression inhibits the proliferation and survival of carcinoma cells in vitro and in vivo (33, 35, 47) . Intriguingly, the spectrum of functions of IRF-1 displays similarities to that of CD40, a tumor necrosis factor (TNF) receptor family member with a pivotal role in the generation of adaptive and innate immune responses (reviewed in reference 62). Thus, the stimulation of CD40 in macrophages and dendritic cells triggers the production of cytokines and other mediators of the immune response, including IL-12p35 and iNOS (30) , as well as the antigen-processing and presentation capacities of the cells. Humans with mutations in the CD40 ligand (CD40L) gene develop a rare immune disorder called X-linked hyper-immunoglobulin M (hyper-IgM) syndrome, which is characterized by impaired macrophage, dendritic, and B-cell function and is clinically manifested by recurrent viral and bacterial infections and increased susceptibility to malignancy (3, 28) .
The widespread expression of CD40 in various types of carcinoma and lymphoma has recently attracted much attention as a potential target for cancer therapy (reviewed in references 14 and 61) . Similar to IRF-1 overexpression, the ligation of CD40 inhibits tumor cell proliferation and survival in vitro and in vivo (4, 12, 21, 25) . Moreover, CD40L stimulates a dendritic cell-mediated Th1 antitumor immune response which can suppress cancer growth, even in the absence of CD40 expression on the malignant cells (32, 38, 57) . Recent work has shown that CD40L may fulfill additional functions by directly enhancing the immunogenicity of CD40-positive malignant cells, resulting in their enhanced recognition and killing by antigen-specific CD8 ϩ cytotoxic T lymphocytes (CTLs) (29, 31) . Of note, we have recently demonstrated that the upregulation of TAP1 expression by CD40L is required for the generation of CTL responses to at least some tumor antigens (29) . However, the precise mechanism by which CD40 ligation induces the expression of genes involved in antigen transport and processing remains unknown.
The aforementioned functional similarities provide a theoretical link between CD40 and IRF-1 and prompted us to evaluate the hypothesis that IRF-1 is a physiological target of the CD40 pathway. Data presented in this study confirm this hypothesis and demonstrate that the IRF-1 gene is acutely induced by CD40L in human carcinoma cells. Whereas type I and type II IFNs stimulate IRF-1 synthesis through Janus kinase-STAT signaling which triggers the STAT1-mediated transcriptional activation of IRF-1 (5), CD40L induces IRF-1 in a STAT1-independent manner. We show that the alternative pathway utilized by CD40L to regulate IRF-1 gene expression involves the activation of NF-B and its recruitment to a promoter element proximal to the IRF-1 gene transcription start site. Moreover, we demonstrate that de novo-synthesized IRF-1 acts in concert with NF-B to regulate the expression of genes responsible for antigen processing and transport, such as the TAP1, TAP2, tapasin, LMP2, and LMP10 genes. This mechanism of sequential mobilization of NF-B and IRF-1 by CD40L thus ensures effective transactivation of components of the antigen presentation machinery, the synchronous synthesis of which is required for the engagement of antitumor immune responses and for immune function.
MATERIALS AND METHODS
Cell culture, adenovirus constructs, and reagents. The bladder carcinoma cell lines EJ and VM-CUB-1 (26) were maintained in RPMI medium supplemented with 10% fetal calf serum (FCS). The cervical cancer line HeLa and the human embryonic kidney (HEK) line 293 were cultured in Dulbecco's modified Eagle medium supplemented with 10% FCS (GIBCO). HeLa clones transfected with CD40 constructs were established as described previously (8) . AGE60 is a carcinoma cell line established in our laboratory from the ascitic fluid of a patient with ovarian cancer (L. Vardouli, C. Lindqvist, K. Vlahov, A. Loskog, and A. Eliopoulos, unpublished data) and is maintained in RPMI medium supplemented with 10% FCS. Human recombinant soluble CD40L was purchased from Bender MedSystems, Austria. Chemical kinase inhibitors were purchased from Calbiochem and dissolved in dimethyl sulfoxide prior to use. To generate recombinant adenovirus (RAd) expressing transdominant IB␣ (⌴-IB␣), a Ser 32 3Ala/Ser 36 3Ala double mutation (7) was first introduced into the corresponding IB␣ cDNA by site-directed mutagenesis using the QuikChange kit from Stratagene. The product was then subcloned into the AdEasyT XL adenoviral vector system (Stratagene), and a replication-deficient adenovirus was generated by homologous recombination in AdEasier-1 cells according to the manufacturer's instructions. The virus produced was expanded in HEK 293 cells, and a passage 4 virus was collected, purified, titrated, and used to infect cells.
Antibodies and immunoblotting. Phospho-specific antibodies were diluted in 5% bovine serum albumin in Tris-buffered saline-0.1% (vol/vol) Tween 20 (TBS-T); all other antibodies were diluted in 5% milk in TBS-T. Phospho-Jun Nterminal protein kinase (phospho-JNK; phosphorylated at Ser 473 ), phospho-p42/ p44 mitogen-activated protein kinase (phospho-p42/p44 MAPK; phosphorylated  at Thr  202 and Tyr  204 ), phospho-p38 MAPK (phosphorylated at Thr  180 and  Tyr  182 ) , phospho-STAT1 (phosphorylated at Tyr 701 ), phospho-TAK1 (phosphorylated at Thr 187 ), and the corresponding antibodies which recognize both the phosphorylated and unphosphorylated forms were purchased from Cell Signaling Technology, and the antibodies were used at dilutions of 1:500 to 1:1,000.
The IB␣/MAD3 (C-21), IRF-1 (C-20), IRF-3, p65 (C-20), and RNA polymerase II (N-20) antibodies were purchased from Santa Cruz Biotechnology. The tubulin antibody was purchased from Sigma and used at a 1:1,000 dilution. Anti-rabbit IgG-horseradish peroxidase (HRP; 1:2,000) was purchased from Cell Signaling Technology, and anti-mouse IgG-HRP (1:1,000) was purchased from Sigma. For immunoblotting, 15 to 40 g of protein was separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, transferred onto polyvinylidene difluoride membrane (0.45 M; Millipore), and blocked for 45 min at room temperature with 5% nonfat milk dissolved in TBS-T. Following three washes with TBS-T, membranes were incubated overnight at 4°C with primary antibody and 1 h at room temperature with the appropriate secondary antibody and then subjected to enhanced chemiluminescence analysis using an ECL kit (Amersham).
Preparation of nuclear extracts and EMSAs. Cells were resuspended in 5 volumes of homogenization buffer (10 mM HEPES-KOH [pH 7.9], 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol [DTT]) supplemented with protease inhibitors (0.1 mM sodium orthovanadate, 10 mM sodium glycerophosphate, 2 g of leupeptin/ml, and 2 g of aprotinin/ml) and centrifuged at 800 ϫ g for 10 min. The pellet was resuspended in 3 volumes of ice-cold homogenization buffer containing 0.05% NP-40, and cells were homogenized with 15 to 20 strokes of a tight-fitting Dounce homogenizer on ice. Following centrifugation for 10 min at 800 ϫ g at 4°C, the cytoplasmic fraction was collected. The nuclei were washed once with homogenization buffer and then resuspended in buffer containing 40 mM HEPES-KOH (pH 7.9), 0.4 M KCl, 1 mM DTT, and 10% glycerol with protease inhibitors. NaCl was added at a final concentration of 300 mM, and the suspension was mixed and incubated on ice for 30 min and then centrifuged at 80,000 ϫ g for 30 min. The supernatant was removed and snap-frozen. Electrophoretic mobility shift assays (EMSAs) were performed as described previously (13) . The probes used were designated IRF-1 B (5Ј-AGGGCTGGGGAATC CCGCTAA-3Ј) and IRF-1 M-B (5Ј-AGGGCTGCGTAATAGCGCTAA-3Ј) and were annealed with their complementary oligonucleotides prior to radiolabeling.
Chromatin immunoprecipitation (ChIP) assay. EJ cells were treated with CD40L at a final concentration of 0.5 g/ml for various time intervals and exposed to 1% formaldehyde for 10 min at room temperature. Cross-linking was stopped by the addition of glycine to a final concentration of 0.137 M. The cells were washed with cold phosphate-buffered saline (PBS), harvested in PBS containing 0.5% NP-40 and 0.5 M phenylmethylsulfonyl fluoride (PMSF), and centrifuged at 800 ϫ g for 5 min at 4°C. The pellets were resuspended in swelling buffer (25 mM HEPES, pH 7.8, 1.5 mM MgCl 2 , 10 mM KCl, 0.5% NP-40, 1 mM DTT, 0.5 M PMSF, 2 g of aprotinin/ml) and left on ice for 10 min. Following Dounce homogenization (20 strokes with pestle A), the nuclei were collected, resuspended in sonication buffer (50 mM HEPES, pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and protease inhibitors), and sonicated on ice to obtain an average nucleic acid strand length of 200 to 1,000 bp. The samples were cleared by centrifugation at 20,000 ϫ g for 15 min at 4°C. The supernatant was collected and precleared by rotation at 4°C for 2 h with protein G-Sepharose beads. One-tenth of the volume of the supernatant was used as input, and the remaining volume was immunoprecipitated with anti-p65, anti-IRF-1, or anti-RNA polymerase II antibodies overnight at 4°C. Immunocomplexes were collected by adsorption to protein G-Sepharose beads for 1 h at 4°C, and the beads were washed twice with sonication buffer; twice with sonication buffer containing 500 mM NaCl; twice with buffer containing 20 mM Tris-Cl (pH 8), 1 mM EDTA, 250 mM LiCl, 0.5% sodium deoxycholate, 0.5 mM PMSF, and 2 g of aprotinin/ml; and once with TE (10 mM Tris-Cl [pH 8], 1 mM EDTA, 0.5 mM PMSF, and 2 g of aprotinin/ml). The immunocomplexes were eluted with buffer including 50 mM Tris (pH 8.0), 1 mM EDTA, and 1% SDS at 65°C for 10 min and then adjusted to contain 200 mM NaCl and incubated at 65°C for 5 h to reverse the cross-links. After successive treatments with RNase A and proteinase K, the samples were extracted with phenol-chloroform and precipitated with ethanol. Precipitated chromatin was analyzed by PCR using primers corresponding to the promoter regions of the IRF-1, TAP1, TAP2, tapasin, LMP10, and IL-8 genes (primer sequences are shown in Table 1 ). The products of the PCR amplifications were analyzed by agarose gel electrophoresis, and the quantification of the results was performed by measuring the intensities of the bands using the Tinascan version 2 software.
Immunofluorescence microscopy. For immunofluorescence microscopy, EJ cells were plated onto slides and stimulated 24 h later with 0.5 g of CD40L/ml for various time intervals. The slides were then washed in PBS, and the cells were fixed in 4% paraformaldehyde in PBS for 20 min at room temperature. Following extensive washing in PBS (10 min at room temperature), the cells were permeabilized in 0.1% Triton X-100 in PBS for exactly 3 min and then washed again in PBS for 5 min at room temperature. Reporter assays. A sequence of approximately 600 bp of the IRF-1 promoter was PCR amplified from genomic DNA isolated from EJ cells by using the forward primer 5Ј-TACCCTCGAGCTTTCTGCCTCCTTCACTTCC-3Ј and the reverse primer 5Ј-ACGTAAGATCTGCCAGGGCAGCGGCCCCACCGA-3Ј. The product was cloned first into the pCR2.1 plasmid (Invitrogen) and then into the KpnI/BglII sites of the pGL2-Basic vector (Promega), upstream of the luciferase gene. The QuikChange site-directed mutagenesis kit (Stratagene) was used to mutate the B element of the IRF-1 promoter. The cloned products were sequenced and used for reporter assays. These assays were performed using 10 5 HEK 293 or EJ cells per well in a 24-well dish. HEK 293 cells were transfected with 50 ng of the NF-B-luciferase reporter construct 3Enh.B-ConALuc, containing three tandem repeats of the NF-B binding element of the Ig() promoter, or 50 ng of the IRF-1 promoter-luciferase reporter construct and 50 ng of a Renilla plasmid by using Lipofectamine (Invitrogen) in Opti-MEM medium (Invitrogen) according to the manufacturer's instructions. EJ cells were transfected with 500 ng of each reporter construct. Following 10 h of incubation with the transfection cocktail, the medium was changed to Dulbecco's modified Eagle medium supplemented with 10% FCS, and 12 h later, cells were stimulated with CD40L for 6 h prior to lysis. Luciferase and Renilla values were measured as described previously (8) .
RNA interference (RNAi). For the delivery of small interfering RNAs (siRNAs), 10 5 EJ cells were plated into each well of a 24-well plate (Costar) and the next day the cells were transfected with siRNA duplexes by using the siIMPORTER transfection reagent according to the instructions of the manufacturer (Upstate Biotechnology). IRF-1 was targeted with the siRNA duplex consisting of the sequence GGGCUCAUCUGGAUUAAUAUU and its antisense strand (Dharmacon). The control siRNA duplex comprised the sequence CGUACGCGGAAUACUUCGAUU and the corresponding antisense strand. The p65 (RelA) siRNA was purchased from Cell Signaling Technology. Cells were transfected overnight with IRF-1 and control siRNAs. The transfection cocktail was then removed, and fresh culture medium with or without CD40L was added. For the delivery of p65 siRNA, cells were cultured with the transfection cocktail for 6 h and then a volume of medium equal to that of the cocktail was added. Cells were left to recover for 10 h and were replated into 24-well dishes. The next day, the cells were subjected to a second round of transfection to increase the siRNA-mediated gene suppression. Twenty-four hours later, cultures were stimulated with CD40L, before lysis and further analysis.
RT-PCR. RNA was isolated using Trizol according to the instructions of the manufacturer (Invitrogen). Two micrograms of RNA was then used for cDNA synthesis with avian myeloblastosis virus reverse transcriptase (RT) and a reverse transcription system from Promega (13) . PCRs were performed using 1/10 of the cDNA reaction mixture. The sequences of the primers used are available upon request.
RESULTS
CD40 ligation induces the rapid upregulation of IRF-1 expression in carcinoma cells. The ectopic expression of the transcription factor IRF-1 in tumor cells has been reported previously to confer antiproliferative, proapoptotic, and/or immunoregulatory properties, similar to those manifested upon the engagement of CD40. This observation provided a theoretical link between CD40 and IRF-1 and prompted us to examine the effects of CD40 ligation on IRF-1 expression. To this end, EJ bladder carcinoma cells, which naturally express CD40 (56), were stimulated with recombinant soluble CD40L for various time intervals (0, 1, 2, 3, 5, or 8 h) prior to lysis and the assessment of IRF-1 levels by immunoblotting. The results showed that whereas IRF-1 was absent in unstimulated cells, treatment with CD40L induced the upregulation of IRF-1 protein expression, which was evident as early as 1 h poststimulation, peaked at 3 h, and declined thereafter such that only very low levels could be detected after 8 h of treatment (Fig. 1A) . A similar pattern of IRF-1 induction was observed in CD40L-stimulated AGE60 ovarian carcinoma cells and, to some extent, VM-CUB-1 bladder carcinoma cells (Fig. 1B) . Unlike IRF-1, the levels of IRF-3, another IRF family member which is known to be constitutively expressed in a variety of different cell types (59) , and those of ␤-tubulin remained unchanged following CD40 stimulation (Fig. 1A) . To determine whether the marked upregulation of IRF-1 protein expression reflects changes at the RNA level, RT-PCR was performed using RNA isolated from EJ cells exposed to CD40L or from untreated controls. As shown in Fig. 1C , CD40 stimulation induced the rapid upregulation (within 15 min) of IRF-1 RNA expression, which peaked after 3 h of treatment with CD40L and declined thereafter.
CD40 triggers signal transduction and phenotypic changes through the recruitment of adapter molecules of the TNF receptor-associated factor (TRAF) family to its cytoplasmic C terminus. Specifically, yeast two-hybrid and coprecipitation experiments have shown previously that a membrane-proximal CD40 domain binds TRAF6 and that a membrane-distal region directly recruits TRAF2 and TRAF3 (14, 48, 61) (Fig.  1D ). To determine the relative contributions of these domains to the regulation of IRF-1 expression, we stably transfected cells of the CD40-negative cervical carcinoma line HeLa with vectors expressing wild-type CD40 or mutated forms which were unable to bind directly to TRAF6 (CD40mT6) (Fig. 1D ), TRAF2 and TRAF3 (CD40mT2/mT3), or all TRAFs (CD40mT2/T3/T6). These mutant forms have been evaluated previously for their TRAF binding capacities in the same cell line (8) . Stable clones, expressing similar levels of CD40 (Fig.  1E ), were then exposed to CD40L for 3 h or left untreated prior to lysis and the assessment of IRF-1 levels by immunoblotting. The results showed that the CD40L-induced upregulation of IRF-1 was partly reduced by CD40 mutations which disrupted TRAF6 binding and was severely affected by mutations which abolished CD40 interactions with TRAF2 and TRAF3 (Fig. 1E ). CD40mT2/T3/T6 failed altogether to respond to CD40L by the upregulation of IRF-1 expression (Fig.  1E) . We conclude that both the TRAF2/TRAF3 and TRAF6 binding domains of CD40 contribute to the CD40L-induced (Fig. 1C) , we assessed NF-B and MAPK signal activation at early time points following stimulation with CD40L. To this end, EJ cell cultures were treated with CD40L for 7 or 15 min prior to lysis and the evaluation of IB␣ levels and phosphorylation status by immunoblotting. IB␣ is a negative regulator of NF-B. The stimulus-induced phosphorylation of IB␣ at Ser 32 and Ser 36 triggers its ubiquitination and proteasomal degradation, resulting in the release of associated p65 (RelA) NF-B, which translocates to the nucleus and transactivates a variety of target genes (27) . As shown in Fig. 2A , CD40 ligation resulted in rapid phosphorylation and significant degradation of IB␣, which was evident at 7 min and proceeded at 15 min poststimulation.
The subcellular localization of the p65 NF-B subunit was monitored by immunofluorescence staining at various time points (0, 15, and 30 min and 1 and 2.5 h) following CD40 stimulation. Untreated EJ cells demonstrated predominantly cytoplasmic p65 staining (Fig. 2B) . Within 15 min of treatment and VM-CUB-1 cells were treated as described in the legend to panel A, and IRF-1 levels were determined by immunoblotting. (C) CD40 stimulation induces the rapid induction of IRF-1 RNA expression. EJ cells were stimulated with recombinant soluble CD40L at 0.5 g/ml for the indicated times before RNA was isolated. cDNA was synthesized and used as a template for semiquantitative PCR with primers specific for IRF-1 or the GAPDH housekeeping gene, which served as a loading and amplification control. The results shown are representative of results from three independent experiments. 15Ј, 15 min. (D) Graphical representation of CD40 and its TRAF binding domains. TRAF6 interacts with a membraneproximal region, whereas TRAF2 and TRAF3 associate with a membrane-distal domain at the cytoplasmic C terminus of CD40. A double Q 234 E 235 3AA mutation, yielding CD40mT6 (mT6), selectively abolishes the interaction of TRAF6 with CD40, whereas a T 254 3A mutation, yielding CD40mT2/T3 (mT2/T3), inhibits TRAF2 and TRAF3 binding but leaves TRAF6-CD40 interactions intact. The CD40mT2/T3/T6 construct (mT2/T3/T6) contains a triple Q 234 E 235 T 254 3AAA mutation which perturbs the binding of all TRAFs. These constructs are described in detail in reference 8. WT, wild type. (E) CD40L-induced IRF-1 synthesis depends on TRAF binding to the cytoplasmic C terminus of CD40. HeLa cervical carcinoma cells, which do not express CD40, were transfected with the CD40 constructs depicted in panel D. Selected stable clones were stimulated with CD40L for 3 h, and lysates were analyzed for CD40 or IRF-1 levels by immunoblotting. The results shown are representative of results from three independent experiments. ϩ, present; Ϫ, absent.
VOL. 28, 2008 FEED-FORWARD CD40 SIGNALING PATHWAY IN GENE REGULATIONwith CD40L, a significant proportion of the cells displayed nuclear p65, consistent with the IB␣ degradation observed at the same time point (Fig. 2A) . The mobilization of p65 to the nucleus further increased at later time points and was still prominent after 2.5 h of treatment. In parallel to those of p65, we examined the expression and subcellular localization of IRF-1. IRF-1 was undetectable in untreated cells or in cells stimulated with CD40L for 15 min (Fig. 2B ). Low-level nuclear expression of IRF-1 could be detected at 30 min, and this expression increased significantly at later time points of treatment, suggesting that NF-B activation precedes IRF-1 induction. This observation was confirmed by immunoblot analysis of nuclear versus cytoplasmic protein extracts from CD40L-stimulated EJ cells (data not shown).
The engagement of the ERK, JNK, and p38 MAPK pathways was evaluated by immunoblotting using antibodies specific for the phosphorylated, active forms of these kinases. It was found that MAPK activation also precedes IRF-1 upregu-FIG. 2. CD40 ligation induces MAPK and NF-B but not STAT1 signaling prior to the induction of IRF-1 expression. (A) EJ cells were stimulated with 0.5 g of CD40L/ml for 7 or 15 min or left untreated, and cell lysates were analyzed for the expression of IB␣ and the phosphorylated, active forms of p38 (p-p38), JNK, and ERK by immunoblotting. The levels of total (phosphorylated and unphosphorylated) JNK1 and ERK1 were also assessed as loading and expression controls. (B) The nuclear translocation of p65 NF-B precedes the synthesis and nuclear localization of IRF-1. EJ cells were stimulated with 0.5 g of CD40L/ml for the indicated times and immunostained with anti-p65 or anti-IRF-1 antibody as described in Materials and Methods. 15Ј and 30Ј, 15 and 30 min. (C) CD40L does not induce the phosphorylation of STAT1. EJ cells were stimulated with CD40L for the indicated times, and lysates were analyzed for the expression of STAT1 phosphorylated at Tyr 701 , a residue critical for STAT1 activation. As a control, cell lysates from IFN-␥-treated EJ cells were used. Ϫ, absent. lation, as the phosphorylation of all three MAPKs was detected within 7 min of CD40 stimulation ( Fig. 2A) . IFN-␥ is known to induce the expression of IRF-1 through the Janus kinase-mediated phosphorylation and activation of STAT1, which binds to an IFN-␥-activated sequence element on the IRF-1 promoter (51). Theoretically, CD40 ligation may also mediate IRF-1 upregulation through STAT1. To confirm or refute this hypothesis, we analyzed the levels of STAT1 phosphorylated at Tyr 701 , a residue critical for its activation, before and 7, 15, 30, and 60 min after CD40 stimulation. As a control, cell lysates from IFN-␥-treated EJ cells were used. The results of this analysis showed that IFN-␥ but not CD40L induced the phosphorylation of STAT1 (Fig. 2C) . Taken together, the aforementioned data suggest that CD40 ligation activates MAPK and NF-B but not STAT1 signals prior to or concomitantly with the upregulation of IRF-1 expression.
CD40-mediated upregulation of IRF-1 in carcinomas depends on NF-B signaling. On the basis of the data shown in Fig. 2 , we proceeded to identify the signaling pathway(s) responsible for the CD40-mediated de novo synthesis of IRF-1. To this end, EJ cells were pretreated with chemical inhibitors targeting JNK (SP600125) (2), p38 (SB203580) (36) , and MEK, the ERK kinase (PD98059) (11) , and then exposed to CD40L for 2 h prior to lysis and the assessment of IRF-1 expression by immunoblotting. The inhibitor concentrations used in this evaluation have been shown previously to impair CD40L-induced JNK, p38, and ERK activation, respectively, in carcinoma lines, including EJ (7, 9) . Interestingly, none of these MAPK inhibitors were found to affect the CD40L-induced upregulation of IRF-1 (Fig. 3A) .
To suppress CD40 signaling on the NF-B axis, a chemical inhibitor which blocks the activity of IB kinase ␤ (IKK␤) (34), a kinase that phosphorylates IB␣ at the critical Ser 32 and Ser 36 residues, was first utilized. As shown in Fig. 3B , this reagent efficiently blocked the CD40L-triggered degradation of IB␣, whereas treatment with MAPK inhibitors had no effect. Immunofluorescence staining demonstrated that the IKK␤ inhibitor also blocked the CD40-mediated nuclear mobilization of p65 NF-B (data not shown). Interestingly, the inhibition of IKK␤ activity abolished the effects of CD40L on IRF-1 expression (Fig. 3A) .
To further substantiate the contribution of NF-B to IRF-1 synthesis, we utilized two additional approaches. First, we infected EJ cells with a RAd expressing ⌴-IB␣, carrying a Ser 32 3Ala/Ser 36 3Ala double mutation (7) which prevents IB␣ phosphorylation and stimulus-dependent degradation mcb.asm.org (67) . Elevated levels of IB␣ could be detected in lysates from cultures infected with the ⌴-IB␣ RAD relative to those in lysates from cells infected with the lacZ control RAD, which demonstrated only comigrating endogenous, wild-type IB␣ (Fig. 3C, upper panel) . When cells infected with RAD expressing ⌴-IB␣ were exposed to CD40L, a significant reduction in IRF-1 synthesis compared to that in cells infected with control virus was observed (Fig. 3C, lower panel) , implicating IB␣ in CD40-mediated IRF-1 regulation. Second, we utilized RNAi to knock down p65 NF-B in EJ cells. As shown in Fig. 3D, upper panel, a p65 -specific siRNA significantly reduced the endogenous expression of p65 whereas a scramble control had no effect. We therefore applied this RNAi approach to evaluate the role of p65 in IRF-1 synthesis. To this end, EJ cells transfected with either p65 siRNA or the scramble control were treated for 3 h with CD40L prior to lysis and the evaluation of IRF-1 levels by immunoblotting. The results showed that the knockdown of p65 markedly reduced the CD40-mediated upregulation of IRF-1 (Fig. 3D, lower panel) . Taken together, the aforementioned data demonstrate the involvement of the IKK␤/IB␣/ p65 NF-B cascade in the induction of IRF-1 expression following CD40 stimulation.
The p65 NF-B is recruited to and regulates the activity of the IRF-1 promoter in CD40-stimulated tumor cells. On the basis of the results shown in Fig. 3 , we evaluated the hypothesis that CD40L-induced NF-B directly regulates the human IRF-1 promoter. In support of this hypothesis, we identified a putative NF-B binding element, GGGGAATCCC, approximately 30 bp upstream of the transcription start site of the IRF-1 gene by using the TRANSFAC database. A radiolabeled oligonucleotide probe containing this putative NF-B binding site (probe IRF-1 B) was used in EMSAs to evaluate interactions with nuclear proteins isolated from EJ cells treated with CD40L or from untreated controls. As shown in Fig. 4A , this analysis identified two DNA-protein complexes, one of which (complex a) was found to be significantly induced following CD40 stimulation (Fig. 4A, lanes 1 and 2) . In contrast, an oligonucleotide probe in which four nucleotides of the putative NF-B binding element were mutated (GCGTAAT AGC, where underlining indicates the mutated nucleotides; probe IRF-1 M-B) failed to form similar complexes (Fig. 4A,  lanes 3 and 4) .
To further analyze the nature of the bound proteins, competition experiments with a 5-or 50-fold excess of unradiolabeled ("cold") IRF-1 B or IRF-1 M-B oligonucleotide were performed. In parallel, a fivefold excess of a cold probe containing the human immunodeficiency virus (HIV) long terminal repeat (LTR) B element, which is known to bind NF-B (43), was used. The results obtained from the EMSAs demonstrated that both cold IRF-1 B and the HIV LTR B probe reduced the interaction of nuclear proteins with the radiolabeled IRF-1 B oligonucleotide probe and that an excess of unlabeled IRF-1 M-B did not (Fig. 4A, lanes 5 to 10) . Additionally, the incubation of nuclear proteins isolated from CD40L-stimulated EJ cells with a p65 NF-B antibody supershifted complex a, whereas an antibody against transcription factor Sp1 had no effect (Fig. 4B) . However, both complex a and complex b were supershifted following incubation with anti-p50 NF-B antibody, suggesting that complex a contained p65-p50 heterodimers and that complex b contained p50-p50 homodimers. We conclude that p65 binds to the IRF-1 gene promoter NF-B binding site in vitro and that this binding increases significantly following CD40 stimulation.
To verify that p65 is also recruited to the IRF-1 promoter in vivo, ChIP experiments were performed. Chromatin from EJ cells treated with CD40L for various time intervals or from untreated controls was used for immunoprecipitation with an anti-p65 or anti-RNA polymerase II antibody, and precipitated DNA encompassing the IRF-1 gene promoter NF-B binding site was assayed by PCR. The results (Fig. 4C) showed small amounts of p65 associating with the IRF-1 promoter in unstimulated cells. The recruitment of p65 dramatically increased within 15 min of CD40 stimulation, reached a peak at 3 h, and declined thereafter (Fig. 4C and D) . Similarly, the recruitment of RNA polymerase II increased rapidly within 15 min of stimulation, reached a peak at 1 h, and returned to background levels at 8 h poststimulation (Fig. 4C and D) .
On the basis of the aforementioned observations demonstrating the recruitment of p65 NF-B to the IRF-1 promoter, we determined whether the NF-B binding site functions to promote IRF-1 gene transcription upon CD40 signal activation. To this end, we constructed a reporter plasmid containing 600 bp of the IRF-1 promoter upstream of the luciferase gene. In addition, we used site-directed mutagenesis to mutate the NF-B binding site of the IRF-1 promoter to match the sequence of IRF-1 M-B, which failed to bind NF-B (Fig. 4A) . HEK 293 cells were transiently transfected with these constructs, together with a CD40 expression vector and a Renilla plasmid to correct for transfection efficiency. We have used HEK 293 cells because they lack CD40 and can be transfected with a high level of efficiency, allowing us to arrive at clear conclusions about the effects of various kinase inhibitors on CD40-mediated IRF-1 transactivation. As shown previously (49, 50) , the overexpression of CD40 in 293 cells results in signal activation through the transient formation of receptor multimers and the recruitment of TRAFs in a ligand-independent manner. Consistent with these observations, the transfection of cells with the CD40 expression vector resulted in an approximately threefold increase in IRF-1 promoter activity relative to that in cells transfected with the control vector, and this activity was abolished by the IRF-1 M-B mutation (Fig.  5A) . As a control, the overexpression of p65 stimulated reporter activity by approximately 20-fold (Fig. 5B) .
To confirm the role of the CD40-activated NF-B signaling pathway in the regulation of IRF-1 transcription, HEK 293 cells were transfected with an ⌴-IB␣ expression plasmid, along with CD40 and the IRF-1 promoter-driven luciferase reporter construct. It was found that ⌴-IB␣ suppressed the ability of CD40 to activate the IRF-1 promoter (Fig. 5C ). In parallel, we assessed the effects of various NF-B signaling components on CD40-mediated IRF-1 promoter activity. To this end, cells were cotransfected with the luciferase and Renilla reporter plasmids and a CD40 expression vector, in the absence or presence of kinase-inactive mutant forms of IKK␤, TAK1, MEK kinase 1 (MEKK1), and MEKK2 and a chemical inhibitor targeting IKK␤. TAK1 and MEKKs were chosen because they have been shown previously to function upstream of IKK␤ in response to various NF-B-inducing stimuli (27, 43 JNK and p38 signaling (23) . We found that the overexpression of a kinase-inactive mutant form of either TAK1 or IKK␤ (66) inhibited CD40-induced IRF-1 promoter and NF-B-dependent luciferase reporter activities ( Fig. 5C and D) . In contrast, kinase-defective MEKK1 or MEKK2 had no effect (Fig. 5C and data not shown).
The role of TAK1 in CD40-mediated IRF-1 promoter activity was also evaluated by using EJ cells stimulated with CD40L. We found that Thr 187 phosphorylation at the activation loop of TAK1 increased within 5 min of CD40 stimulation (Fig. 5E ) and that kinase-inactive TAK1 inhibited the CD40L-induced IRF-1 promoter activity also in these cells (Fig. 5F ). The aforementioned data, coupled with the results shown in Fig. 4 , demonstrate that p65 NF-B is recruited to the IRF-1 promoter and suggest that CD40-induced IRF-1 promoter activity depends on the engagement of a TAK1/IKK␤/IB␣/p65 NF-B pathway.
Coordinated induction of antigen transport and immunoproteasome gene expression in response to CD40 ligation. Antigen processing and presentation play a crucial role in the antitumor immune response. Peptides derived from tumorrelated proteins are generated in the cytoplasm by the action of a large multicatalytic protease complex, the immunoproteasome, which contains the low-molecular-mass polypeptides LMP2 and LMP10, among others. The TAP1 and TAP2 transporters associated with antigen processing function by transporting these peptides from the cytoplasm to the lumen of the endoplasmic reticulum, where each peptide forms a ternary complex with the major histocompatibility complex (MHC) class I heavy chain and ␤2-microglobulin, a process promoted by chaperone proteins such as tapasin, ERp57, and calreticulin (15, 69) . These complexes are then transported to the cell surface and recognized by CTLs, which destroy cells that present them. We have recently reported that the stimulation of CD40 in carcinoma cells enhances their susceptibility to CTL-mediated killing via a mechanism which depends on the upregulation of TAP1 protein levels (29) . TAP1 and the immunoproteasome component LMP2 are regulated by a shared, bidirectional promoter which contains a functional NF-B binding motif approximately 130 bp upstream of the transcription start site of the TAP1 gene (Fig.   6A ) (70) . Other studies have identified an IRF-1 binding element (IRF-E) proximal to the LMP2 gene transcription start site which is important for the transcriptional control of the LMP2 and TAP1 genes in response to IFN-␥/STAT signaling (68) . Together, these reported findings raise the possibility that, in the context of CD40 signaling, NF-B and IRF-1 may cooperate to regulate TAP1 and LMP2 expression. On this premise, we searched for NF-B and IRF-1 binding motifs in the promoter regions of other genes involved in antigen processing and transport. Indeed, using the TRANSFAC database, we identified putative NF-B and IRF-1 binding motifs in the promoter regions of the LMP10, TAP2, and tapasin genes (Fig. 6A ). In line with this finding, the human LMP10 promoter and the mouse TAP2 promoter, which is highly homologous to the human TAP2 promoter, have been reported to possess functional IRF-E sequences that dictate transcriptional activation in response to IFN-␥ (1, 17) . On the basis of the aforementioned observations, we reasoned that CD40L-induced NF-B and de novo-synthesized IRF-1 could act in a coordinated manner to orchestrate the transcription of genes involved in antigen processing and transport. To confirm or refute this hypothesis, we first examined the expression of TAP1, TAP2, LMP2, LMP10, and tapasin mRNAs in EJ bladder carcinoma cells before and after CD40 stimulation by using RT-PCR. This analysis revealed strikingly similar kinetics of gene upregulation following exposure to CD40L, with maximal induction occurring at 5 h poststimulation (Fig. 6B) . As a control stimulus, we used IFN-␥, the prototypic inducer of IRF-1, to stimulate EJ cells at the same time points as those for CD40L. The results demonstrated that the pattern of IFN-␥-mediated TAP and LMP upregulation differs from that of CD40L-mediated upregulation, showing prolonged induction compared to that by CD40L and kinetics of upregulation which differ partly among the evaluated genes (Fig. 6B) .
Both NF-B and IRF-1 are recruited to the promoter regions of genes involved in antigen processing and transport. On the basis of the data shown in Fig. 6 , we examined the recruitment of the transcription factors NF-B and IRF-1, as well as that of RNA polymerase II, to the TAP1/LMP2 promoter by ChIP assays. Chromatin from EJ cells treated with CD40L for various times or untreated controls was used for immunoprecipitation with anti-p65, anti-IRF-1, or anti-RNA polymerase II antibody, and precipitated DNA encompassing the TAP1/LMP2 promoter was assayed by PCR. Results from a representative assay are shown in Fig. 7A , and collective data from four independent experiments are presented in Fig. 7B . The recruitment of p65 NF-B to the TAP1/LMP2 promoter occurred as early as 15 min poststimulation with CD40L, peaked at 1 h, slightly decreased at 3 h, and declined thereafter. Thus, the maximum recruitment of p65, at 1 h, was equivalent to 11% of the input chromatin, and the minimum recruitment, after 5 to 8 h of CD40 ligation, was equivalent to 1% (Fig. 7B) . The recruitment of IRF-1 occurred with delayed kinetics relative to that of p65. Thus, IRF-1 was detectable at 1 h poststimulation, peaked at 3 h, slightly decreased at 5 h, and declined thereafter. The recruitment of the RNA polymerase II gradually increased following CD40 ligation, reaching a peak at 5 h, but declined to background levels by 8 h poststimulation ( Fig. 7A and B) . The pattern of RNA polymerase II recruitment to the TAP1 promoter correlates with the levels of TAP1 RNA expressed and the kinetics of expression following CD40 stimulation (Fig. 6B) .
Similar to the TAP1/LMP2 promoter, the promoter regions of the LMP10, TAP2, and tapasin genes were found to recruit both p65 and IRF-1 (Fig. 7C) . Importantly, IRF-1 recruitment occurred with delayed kinetics relative to that of p65 recruitment, probably reflecting the requirement for NF-B-dependent de novo synthesis of IRF-1 prior to binding to IRF-E sequences. As a control, p65 and IRF-1 association with the IL-8 promoter, which is known to respond to CD40 stimulation (52) , was assessed by using ChIP assays. In agreement with the results in a previous report (52), we found that p65 was rapidly recruited to the IL-8 promoter and that its binding increased with time, reaching a maximum at 3 to 5 h poststimulation. In marked contrast, however, no IRF-1 recruitment was observed throughout this course of CD40L treatment (Fig. 8) .
On the basis of the aforementioned data, we conclude that both NF-B and IRF-1 are recruited to the promoters of genes involved in antigen processing and transport, but with different kinetics. Moreover, elevated recruitment of IRF-1 to immunoproteasome and TAP promoters correlates with the maximal induction of gene expression.
The recruitment of IRF-1 and that of NF-B have differential impacts on the regulation of TAP1 and LMP2 gene expression in response to CD40 stimulation. To determine the relative contribution of IRF-1 to the CD40-mediated upregulation of TAP1 and LMP2 expression, IRF-1 was knocked down in EJ cells by RNAi. As shown in Fig. 9A, upper an IRF-1-specific siRNA significantly reduced the inducible expression of IRF-1 compared to that in cells transfected with the scramble control. In parallel, RNA was isolated from siRNA-transfected cultures before and 1 and 5 h after stimulation with CD40L and used in RT-PCR with primers specific for the IRF-1, TAP1, and LMP2 genes and the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) housekeeping gene. It was found that the knockdown of IRF-1 had little impact on CD40L-mediated TAP1 or LMP2 induction at the earlier time point of 1 h but diminished gene expression at 5 h poststimulation (Fig. 9B) .
To assess the contribution of NF-B to the CD40L-induced TAP1 expression, EJ cells were pretreated with the IKK␤ inhibitor or left untreated and then exposed to CD40L for 1 or 5 h. RNA was isolated from these cultures, and RT-PCR was performed using primers specific for the IRF-1, TAP1, and LMP2 genes and the GAPDH housekeeping gene. As expected based on the results shown in Fig. 3B , treatment with the IKK␤ inhibitor suppressed the CD40-mediated upregulation of IRF-1 mRNA (Fig. 9C) . Importantly, the inhibitor also abolished the CD40L-inducible expression of TAP1 and LMP2 at both time points but did not influence the GAPDH RNA levels (Fig. 9C) . Taken together, these observations suggest that the recruitment of NF-B participates predominantly in the early stages of TAP1 and LMP2 induction by CD40L and that IRF-1 dictates the maximal gene expression at the later stages.
DISCUSSION
The data presented in this report establish CD40L as a novel regulator of IRF-1 gene expression in various carcinoma cells. We have shown that unlike IFN signaling, which triggers the STAT1-mediated transcriptional activation of IRF-1, the interaction of CD40 with its ligand induces the upregulation of IRF-1 in a STAT-independent but NF-B-dependent manner. This conclusion is supported by a number of observations. First, the upregulation of IRF-1 occurred predominantly via signals transduced by the TRAF2/TRAF3-interacting domain of CD40 and, to a lesser extent, the TRAF6 binding region (Fig. 1) , a finding which is reminiscent of the relative contributions of these CD40 domains to NF-B but not MAPK signal activation in carcinoma cells (8) . Second, the CD40L-induced degradation of IB␣ and the nuclear mobilization of p65 NF-B preceded the induction of IRF-1 RNA and protein levels, whereas the stimulation of CD40 did not affect STAT1 phosphorylation (Fig. 2) . Finally, the inhibition of CD40-mediated NF-B activation by the overexpression of nondegradable IB␣, treatment with a chemical inhibitor which targets IKK␤, or the depletion of p65 NF-B by RNAi severely impaired de novo IRF-1 synthesis (Fig. 3) . In line with these findings, we have characterized an NF-B binding element proximal to the IRF-1 gene transcription start site and shown that it binds p65 in vitro and in vivo (Fig. 4) . This domain is required for transcriptional activation because the introduction of mutations that impair the binding of NF-B to this element abolished the responsiveness of the IRF-1 promoter to CD40 (Fig. 5A) . Moreover, interference with IKK␤/IB␣ or the upstream, TRAF-interacting kinase TAK1 led to significant reduction of CD40-induced IRF-1 promoter activity (Fig. 5C ). The data presented in this study have also provided the first evidence for the involvement of TAK1 in CD40-stimulated NF-B signaling. Thus, CD40 ligation was shown to induce TAK1 phosphorylation, whereas a mutated, kinase-inactive TAK1 suppressed NF-B transactivation (Fig. 5) . On the basis of the aforementioned findings, we conclude that CD40, through its association with TRAFs, triggers the engagement of a TAK1/IKK␤/IB␣/p65 NF-B cascade which leads to the mobilization of p65 to the IRF-1 promoter and the stimulation of IRF-1 transcriptional activation (Fig. 10) .
Interestingly, however, we detected low levels of p65 associating with the IRF-1 promoter, even in the absence of CD40 stimulation (Fig. 4) . Under these conditions, neither RNA polymerase II recruitment nor IRF-1 RNA expression was observed. We postulate that a threshold of p65 binding to the IRF-1 promoter may dictate transcription initiation. Alternatively, CD40 ligation may induce posttranslational modifications of the NF-B transcription factor complex or relevant histones surrounding the NF-B binding domain of the IRF-1 promoter which may contribute to transcription initiation. Indeed, IKK␤ has been shown previously to mediate the Ser 536 phosphorylation of p65 in response to TNF or lipopolysaccharide, resulting in enhanced NF-B transcriptional activity (53, 71) . The role of p65 posttranslational modifications in the regulation of IRF-1 gene expression is currently under investigation.
The CD40 pathway holds promise for the immunotherapy of various types of cancer, including non-Hodgkin's lymphoma (18) , chronic lymphocytic leukemia (58) , and carcinoma (32, 38) , and CD40L has recently entered clinical trials, with promising results (63) . Clinical efforts to target CD40 in advanced solid tumors and non-Hodgkin's lymphoma have accelerated in the past years with the development of anti-CD40 monoclonal antibodies. Like those with CD40L, these trials have confirmed that CD40 therapies are well tolerated and associated with antitumor activity (16, 64) . The therapeutic potential of the CD40 pathway has been attributed largely to its effects on dendritic cell maturation and the induction of CTL responses independent of the expression of CD40 on tumor cells (18, 32, 40, 57) .
The processing and presentation of tumor antigens to CD8 ϩ CTLs depends on the expression of the TAP1 and TAP2 transporters for antigen processing and on a large multicatalytic protease complex, the immunoproteasome, which contains the low-molecular-mass polypeptides LMP2 and LMP10, among others (69) . The chaperone protein tapasin also contributes to this process by promoting the assembly of the MHC class I loading complex and functions to bridge the TAP peptide transporter to MHC class I molecules. A number of published reports have shown that components of the antigen presentation pathway are frequently impaired in human tumors (reviewed in reference 54). In particular, low or no basal expression of TAP1, TAP2, and tapasin is a feature common to many primary tumors and cancer cell lines (6, 22) and has been attributed in part to diminished transcription of the corresponding genes (55) . As a result, carcinomas are not recognized by effector CTLs and evade immune surveillance (39) . Recent studies from our laboratory have demonstrated that CD40L may overcome the TAP deficiency and restore immune system recognition of carcinoma cells (29, 31) . The data given in the present report demonstrate that CD40 ligation induces the expression of a spectrum of genes involved in antigen processing and transport, such as the TAP1, TAP2, LMP2, FIG. 8 . IRF-1 is not recruited to the IL-8 promoter following the exposure of carcinoma cells to CD40L. EJ cells were stimulated with CD40L for the indicated times prior to ChIP analysis as described in detail in Materials and Methods. One-tenth of the volume of the chromatin obtained was used for PCR as input, and the remaining volume was immunoprecipitated with anti-p65 (␣-p65) or anti-IRF-1 antibody or subjected to mock (i.e., without antibody) precipitation. Precipitated DNA encompassing the IL-8 promoter was then assayed by PCR. Lane 1 corresponds to a DNA molecular size marker. Ϫ, absent; 15Ј, 15 min.
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by on September 30, 2008 mcb.asm.org LMP10, and tapasin genes, with strikingly similar kinetics (Fig.  6B) , suggesting similar modes of transcriptional regulation. In line with this notion, the promoters of these genes possess NF-B binding elements and IRF-Es and sequentially recruit p65 and IRF-1 following stimulation with CD40L (Fig. 7) . The pattern of transcription factor recruitment probably reflects the requirement for NF-B-dependent de novo synthesis of IRF-1 prior to the binding of IRF-1 to IRF-E sequences. While the kinetics of RNA polymerase II recruitment is likely to be influenced by various transcription cofactors, we have shown that NF-B and IRF-1 are critical determinants of TAP and LMP transcriptional upregulation. Moreover, the assessment of the relative contributions of NF-B and IRF-1 to TAP1 and LMP2 expression demonstrated that whereas the recruitment of NF-B is important in driving the early phase of gene induction, the NF-B-induced IRF-1 dictates the later-phase and maximal expression of TAP1 and LMP2 (Fig. 9) . Future work will assess the impacts of NF-B and IRF-1 on, as well as the relative contributions of TAPs and LMPs to, the CD40-mediated enhancement of CTL responses. The described role of NF-B as a master regulator of TAP and LMP expression suggests that NF-B may make a positive contribution to CD40L therapy by controlling the immunogenicity of tumor cells. This observation further highlights the dual nature of NF-B, which can either support or antagonize cancer in a tissue-or stimulus-dependent manner (27, 46) . Moreover, the CD40 gene is itself subject to regulation by IRF-1 following the treatment of epithelial and endothelial cells with IFN-␥ (65, 73) . It is therefore possible that the ligation of CD40 on carcinoma cells may also result in the upregulation of CD40 expression via IRF-1, thus further amplifying the multiple effects of CD40L on tumor cells.
Investigations into the signal transduction pathways triggered by CD40 ligation have typically focused on direct (i.e., one-step) events that stimulate gene expression. The data presented in this report reveal a novel, two-step mechanism by which CD40 signals can be propagated (Fig. 10) . The sequential mobilization of NF-B and de novo-synthesized IRF-1 thus ensures coordinated and enhanced transactivation of components of the antigen-processing machinery, the synthesis of which is required for the CD40L-induced antitumor immune response. The results of this study may therefore have broader implications in appreciating the significance of such "feedforward" cascades for the regulation of gene expression. 
